A new functional pH-responsive polyurethanebased nanomicelle has been developed with BES-Na as the functional monomer, the buffering agent with tertiary amine, and sulfonic acid group was incorporated into the hydrophilic shell as the functional agent, which resulted in polyurethane nanosystem with pH-sensitive property. Folic acid (FA) was chosen as model hydrophobic drug to evaluate the loading and pH-triggered release of the PU micelles in vitro drug loading and release. The drug loading content (LC) and the encapsulation efficiency (EE) for FA-loaded micelles in phosphate-buffered solutions were 7.68% and 27.72%, respectively, and the largest accumulative drug release percentages in pH 6.8 and pH 5.0 were 79.17% and 89.83% in 24 h, respectively. A facile and versatile approach has been provided for the design and fabrication of smart nanovehicles for effective drug delivery and opens a new thought in the design and fabrication of biodegradable polyurethanes for next generation of nanomicellar systems.
Introduction
Great strides have been made in the development of stimuli-responsive nanocarriers systems (1, 2) based on block amphiphilic copolymers (3) (4) (5) for drug and gene delivery, which become an important part of biological delivery system materials as personalized medicine systems, over the past decades (6, 7) . The nanomicelles show improved drug solubility, reduced cytotoxicity and prolonged circulation time in an aqueous medium within solid tumors and provide a solution for the side effects of antibiotics and anticancers, such as poor solubility, serious side effects and low absorption. The enhanced permeability effect (EPR) effect (8) was first put forward by Matsumura and Maeda in 1986 and has been observed in many experimental and human solid tumors in more researches, which has thus become the "gold standard" in nanomicelles design of suitable drug delivery system of appropriate size, moderated charge and stable structure (9, 10) . The nanomicelles accumulate passively on the target location (solid tumor) by EPR and respond simultaneously to the environmental stimuli of tumor, such as pH (11, 12) , redox (13, 14) , temperature (15) , enzyme (16, 17) and multiple responsiveness (18) , then release the loading drugs (19, 20) .
Polyurethanes, which have been well established as a large family of synthetic materials used for a versatile range of biomedical applications, have been extensively applied in controlled drug delivery (21) , tissue engineering (22) , wearable E-skin (23) and shape memory biomaterials (24) and widely used in many applications. It is owing to their comprehensive biocompatibility and biodegradability, excellent physical properties and hypocytotoxicity (25) . In addition to this, some important factors may enable the incorporation of different functional moieties, such as the mild fabrication process and the high variable chemistry maneuverability of polyurethanes, and introduce stimuli responsiveness, functional group and internalized ligands into the polymer structure, thus generating nanobiomaterials exhibiting diverse biophysical chemistry properties. In recent years, functional polyurethanes especially stimuli-sensitive polyurethanes have been suitable as the appealing candidates for intracellular-triggered drug release (26, 27) .
Herein, a zwitterionic polymer (BPU)-based polyurethane, bearing tertiary amine group and sulfonate group providing appropriate surface charge and pH responsiveness, showed that poly(ethylene glycol) (PEG, Mn = 800) was proposed as "stealth" (28) hydrophilic chain to increase the cell internalization of polymer micelles for efficient drug delivery and poly(neopentyl glycol adipate) diol (PNA-2000, Mn = 2000) was used as hydrophobic chain curled into a nucleus for drug enveloped. We chose folic acid (FA) as mode drug to evaluate the loading and pH-triggered releasing profile of the BPU nanomicelle. The FA-loaded BPU nanomicelles had an average particle size of about 100 nm, which exhibited stable existence in phosphate-buffered solution (PBS). The drug loading content (LC) and the encapsulation efficiency (EE) for FA-loaded micelles in PBS were 7.68% and 27.72%, respectively, and the largest accumulative drug release percentages in pH 6.8 and pH 7.4 were 79.17% and 89.83% in 24 h, respectively. 
Experimental

Materials
Synthesis of the polyurethanes
Polyurethanes were synthesized from IPDI, PNA-2000, PEG (800), BDO, HEMA and BES-Na; the feed ratios of the monomers are listed in Table 1 and Figure 1 . First, BES-Na was copolymerized with the first part of IPDI at 75°C for 1 h in the presence of a dry nitrogen atmosphere. Second, soft chains such as PNA-2000 and PEG and catalyst DBTDL (0.1%) were added at 90°C for 3 h. Then chain extender BDO was added at 80°C for 2 h to form high molecular weight copolymers. Finally, HEMA was added at 60°C for 1 h to terminate the reaction. To remove the organic solvent and oligomers, the crude polyurethanes were subsequently poured to water. Turbid liquid was centrifugated to obtain precipitants, which were redissolved in NMP and precipitated by water for three times and dried at 80°C in reduced pressure for 2 days to get the final product BPU.
Characterization of polyurethanes 2.3.1 1 H NMR
1 H NMR spectra of polyurethanes were recorded using chloroform-d (CDCl 3 ) as the solvent and tetramethylsilane as an internal standard on an Avance III HD 400 MHz (Bruker Biospin) spectrometer.
Fourier transform infrared
Fourier transform infrared (FTIR) data were obtained on KBr slice between 4000 and 500 cm −1 with the Vertex 70 spectrophotometer (Brooker).
Preparation of polyurethane micelles (blank micelles and FA-loading micelles)
Polyurethane micelles were prepared by dialysis. Typically, BPU (10 mg) and FA were completely dissolved in 3 ml DMF by ultrasound to achieve FA-loading micelles (blank micelles without FA). Subsequently, the semitransparent solution was added drop by drop into 10 ml distilled water under magnetic stirring at 25°C. Afterwards, the semifinished micelle solution was transferred to the dialysis bag (MWCO, 8000-14,000) with distilled water to eliminate the organic solvent at room temperature, and the dialysis water was renewed every other hour. The achieved micelle solution was passed through a 0.45 μm pore-sized syringe filter and diluted to 20 ml; the achieved micelle concentration was 0.5 mg⋅ml phosphotungstic acid. Sample preparation was conducted on a copper grid with formvar film, with the liquid blotted off at room temperature before measurement.
Dynamic light scattering (DLS)
Size distribution of polyurethane nanomicelles was performed on a Zetasizer Nano ZS dynamic light-scattering instrument (Malvern, UK) at 25°C at an angle of 90°.
The critical micelle concentration
The critical micelle concentration (CMC) was calculated by fluorescence spectroscopy, and pyrene was used as a probe (29, 30) . The measurements were recorded on an Edinburgh FLS 980 spectrometer (UK). The concentrations of polyurethane nanomicelles varied from 0.5 to 8.0 × 10 −6 mg⋅ml −1 , and the same concentration of pyrene in acetone was added into this arranged series of micellar solutions. After acetone evaporated, the final pyrene concentrations were fixed to 6.0 × 10 −7 mg⋅ml −1
. The combined solutions of polyurethane and pyrene were equilibrated at room temperature in the dark for 24 h before measurement. Steady-state fluorescence spectra were obtained with the excitation spectra scanned from 250 to 500 nm at room temperature. The bandwidths for excitation were 2.5 and 2.5 nm for emission, respectively, and the emission wavelength was 340 nm. The intensity ratio of the peak at 372.5 nm (I 1 /the first vibrational band) to that at 392.5 nm (I 3 /the third band) from excitation spectra was recorded. A function was established as the plot of I 3 / I 1 to logarithm of concentration, whereas the corresponding concentration of the inflection point in the graphic was considered as the CMC. In vitro drug release experiment of FA-loading polyurethane nanomicelle using a dialysis method was performed as follows in triplicate at different pH value. Five milliliter of 0.5 mg⋅ml −1 FA-loading micelle solution was immersed into a dialysis tube (MWCO 8000-14,000) and dialyzed against 95 ml PBS (10 mm, pH 7.4, 6.8 or 5.0) in a beaker, which was placed at a 37°C water bath and stirred slowly. At desired time intervals, 5 ml of release media was sampled and refreshed with an equal volume of fresh media. The release concentration of FA was analyzed using UV-Vis-NIR spectrophotometer (UV-2000, 50 Hz, Beijing), operating at 280 nm, and then the cumulative drug release percent (E r ) was calculated based on the equation [3] where m FA represents the amount of FA in the poly urethane nanomicelle, V e is the displacement volume of PBS, V 0 is the whole volume of the release media, C i represents the concentration of FA in the sample and n is the number of changing the media.
Drug loading and release in vitro
Results and discussion
Synthesis of pH-sensitive polyurethanes
BPU copolymers were synthesized via four steps. BES-Na bearing tertiary amino/sulfonic was not soluble in NMP as the functional pH-sensitive monomer, so BES-Na was firstly added to the reaction tube with two times the equivalent of IPDI as heterogeneous reaction, leading functional groups into the polymer. After the insoluble monomer was completely dissolved, PNA-2000 and PEG (800) were used as soft chains of large molecular weight. PNA-2000 was introduced as the hydrophobic chain (31), which played the role of increasing the drug loading capacity, and PEG (800) was the hydrophilic chain (32) of polyurethane nanomicelle, which could shield the particle surface (28), increasing biocompatibility, prolonging circulation (33, 34) . The structures of the synthetic polyurethanes were identified by 1 H NMR and FTIR, respectively, as shown in Figures 2 and 3 . Figure 2 expounded the 1 H NMR spectrogram of BPU performed in CDCl 3 . As shown in the graph, the resonance peak at 3.869 ppm belonged to the protons of methenyl connected to isocyanate group (-CH-NCO) of IPDI, the peak centered at 3.645 ppm was accounted for the protons of methoxyl (-O-CH 2 -) on the PEG units, as The FTIR spectra of polyurethanes are shown in Figure 3 . Compared to IPDI, the disappearance of absorption at about 2200-2300 cm −1 accounted for the complete repercussion of the isocyanate (35) . The absorption peaks at 1533 cm −1 represented the deformation vibration of the N-H band, a broad stretching band at about 3534 cm −1 was mainly assigned to the N-H stretching vibration and intramolecular hydrogen bond and 3379 cm −1 showed inter molecular hydrogen bond. The peaks of 2961 and 2882 cm −1 corresponded to the symmetrical and antisymmetric stretching vibration of C-H, respectively, whereas the peaks of 1469 and 1379 cm −1 corresponded to the symmetrical and antisymmetric deformation vibration of C-H, respectively. The absorption peak at 1735 cm −1 was attributed to the C=O stretching band. The absorption peaks at Table 1 (A, B, C, D, H, I ), FA-loading micelles of BPU (1, 2, 3) (E, F, G ) .
cm
−1 belonged to the C-O stretching band, whereas 1170 cm −1 was attributable to the C-O-C stretching band of PEG (11) , and the peak at 1020 cm −1 vested in the S=O stretching band of BES-Na showed that BES-Na has been introduced into polyurethane.
Characterization of BPU micelles
The DLS measurements of BPU micelles are exhibited in Figure 4 , with increased dosage for functional monomer BES-Na. The average size of BPU micelles increasing slightly from 99.4 nm (A) of 0.5 mmol to 125.9 nm (D) of 1.5 mmol. These results were attributed to the hydrogen-bond interaction and the electric charge effect of tertiary amino/sulfonic in aqueous medium. The repulsive force was more powerful due to the structure of strong acid-weak base; thus, the higher the BES-Na, the more obvious the effect, which made the micelles pH sensitive. After loading FA, the particle size of nanomicelles [BPU (1-3)] swelled to about 120 nm on average (E-G). There were also increasing influences on the size of micelle, if the ratio of hydrophilic chain and hydrophobic chain increased. The results indicated that the particle size of nanomicelles was about 78.4 nm (H), when the ratio of hydrophobic and hydrophilic chains was 3.0:1.5, and increased to 108.2 nm (I) when the ratio was changed to 2.0:2.5. In aqueous medium, hydrophilic PEG shell stretched freely and wrapped the frizzly hydrophobic PNA-2000 core, that is, when density increased in the hydrophilic chain, the particle size of the micelle also increased, which is beneficial to drug delivery and nanomicelle transportation due to the excellent characteristic of "shielding" (36) .
The morphology of BPU micelles was achieved by TEM. As shown in Figure 5 , after negative staining with phosphotungstic acid, micelles come into view with similar spherical morphology and uniform sizes about 60 nm. Comparing the TEM data with the statistical result of DLS, the sizes had shrunk a lot, which is mostly attributed to the shrunk hydrophilic chain PEG (37, 38) and the weakened tertiary amino/sulfonic mutual effect.
The critical micellar concentration (CMC) of nanomicelle was determined by fluorescence spectroscopy using pyrene as a fluorescence probe, as shown in Figure 6 . All kinds of polyurethane micelles formed under very low concentration, just like CMC of BPU (1), had a value of 0.091 × 10 −3 mg⋅ml −1
. As BES-Na increased, the CMC increased from 0.091 × 10 when the amount of substance of BES-Na was 0.8 mmol, and to 0.118 × 10 −3 mg⋅ml −1 when the content of BES-Na was 1.0 mmol. As was shown above, these polyurethane micelles would aggregate to the self-assembling morphology although the concentrations were very low, which would improve micellar stability. The increase in CMC may because the repulsion increased as more sulfonic acid group existed.
In vitro pH-triggered drug release
Drug loading and releasing were evaluated by UV-visible spectroscopy. We used FA as a model hydrophobic drug to validate the loading and releasing ability of BPU nanomicelles in vitro. FA could be detected with a maximum absorption wavelength of about 280 nm even if it is enshrouded in micellar nucleus as a model drug. The statistical significances are listed in Figure 7 and Table 2 . The LCs and EEs of the BPUs were determined to be 3.19%-7.68% and 32.95%-27.72%, respectively. BPU (3) equipped the highest; LC and EE were 7.68% and 27.72%, which indicated that the content of BES-Na had a significant influence to micelles, consistent with other characterization test results above. The drug release behaviors of BPUs were investigated at neutral (pH 7.4) and two kinds of acidic (pH 5.0 and pH 6.8) PBS simulating the organism environment at 37°C. A function was established by cumulative drug release (%) of release time. All release curves were synchronized wherein the drug release rates were faster within the first 5 h and gradually slowed to basically the same within 24 h. Apparently, at acidic solution environment, the release efficiency of drugloading nanomicelles was higher than the same ones at neutral environment, which is induced by the protonation of tertiary amine groups and sulfonate groups. The surface charge of nanomicelles changed, and the release of FA was promoted by the electrostatic interaction between FA and nanomicelles. In detail, the maximum cumulative drug release percent (Er) of BPU (3) could achieve 89.83% at pH 5.0.
Conclusions
We have developed a kind of pH-sensitive polyurethane nanomicelles bearing two amphoteric groups (tertiary amino/sulfonic) as functional group and PEG and PNA-2000 as soft chains to adjust the size. The synthesis process was simple and easy to operate, and the influence of functional group content and the ratio of hydrophilic and hydrophobic chain on the particle size of micelle were investigated. The final compounds possessed a very low CMC and were pH sensitive based on the zwitterionic construction. In in vitro drug loading and release of polyurethane micelles, the highest LC and EE were 7.68% and 27.72% of FA. In addition, at acidic solution environment, the release efficiency of drug-loading nanomicelles was higher than the same ones at neutral environment. The research lays the foundation for the next stage of drug delivery and release research in vivo. 
